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The application of ultrashort voltage pulses between a tool electrode and a 
workpiece in an electrochemical environment allows the three-dimensional 
machining of conducting materials with submicrometer precision. The principle 
is based on the finite time constant for double-layer charging, which varies 
linearly with the local separation between the electrodes. ~ u r i n g  nanosecond 
pulses, the electrochemical reactions are confined to  electrode regions in close 
proximity. This technique was used for local etching of copper and silicon as 
well as for local copper deposition. 

The machining of materials on micrometer local electrodeposition of material. 3D con- 
and submicrometer scales is considered to trol of the tool electrode position enables 
be a key future technology. Aside from the direct 3D micromachining with very sharp 
well-known lithographic processes used in 
the fabrication of electronic devices. micro- 
machining technologies play an increasing 
role in the miniaturization of complete 
"machines" (1, 2) ranging from biological 
and medical applications (3, 4) to electro- 
mechanical sensors and actuators (5) to 
chemical microreactors (6, 7). Lithographic 
processes were successfully combined with 
electrochemical methods in the LIGA pro- 
cess (8), in which small mechanical parts 
are electrodeposited into a lithographically 
structured polymer mask [LIGA is the ac- 
ronym ,for the German expressions for the 
three main process steps: lithography (LI), 
electroforming (G), and molding (A)]. Al- 
though lithographic methods allow the suc- 
cessful implementation of mostly two-di- 
mensional (2D) structures down to the low- 
er nanometer scale, the fabrication of struc- 
tures with high aspect ratios or even 3D 
topography has hitherto been an only partly 
solved challenge: Ion beam milling or dep- 
osition has proven to be able to machine 
various materials .down to the nanometer 
range but suffers from relatively slow 
speed because of the sequential processing. 
With 3D anisotropic etching of Si surfaces, 
the geometrical shape of the structures is 
determined by the crystal structure of the 
substrate. Extending laser ablation tech- 
niques or mechanical methods such as drill- 

resolution. This is achieved by the applica- 
tion of ultrashort voltage pulses of only 
nanosecond duration. In this case, the time 
constant for charging the double layers 
(DLs) on the electrodes (that is, the product 
of electrolyte resistance and DL capacity) 
is small enough for significant charging 
only at electrode separations in the nano- to 
micrometer range. Because the rates of 
electrochemical reactions are exponentially 
dependent on the potential drop in the DL, 
the reactions are strongly confined to these 
polarized electrode regions in very close 
proximity. This method contrasts with con- 
ventional electroforming methods, in which 
the application of DC voltage causes uni- 
form DL charging and the reaction rate is 
mainly defined by the current density in the 
electrolyte, thus enabling only limited spa- 
tial resolution of about 0.1 rnrn. Our ap- 
proach also differs from recent methods 
combining scanning probe techniques and 
electrochemical methods for surface struc- 
turing (9). In those methods, the spatial 
resolution stems from limited diffusion of 
the electrolyte ions (10-15), mechanical 
modifications by the electrochemically 
modified tip apex (16), or geometrical con- 
finement of the electrolyte volume (1 7,18). 

The concept of our method can be illus- 
trated by a simplified equivalent circuit of 
two electrodes immersed in electrolyte 

ing or milling into the nanometer range is still (Fig. 1A). On both electrodes, the electro- 
on the edge of today's technology (I). chemical DL constitutes a capacity, which 

Here we present a method by which is charged upon application of a voltage 
electrochemical reactions on conducting step between the electrodes. The charging 
materials can be localized with submi- current has to flow through the electrolyte, 
crometer precision. An appropriately whose resistance is proportional to the 
shaped tool electrode is directly molded on length of the current path; that is, the dis- 
the workpiece, either by local etching or tance between the electrodes. This leads to 

locally varying time constants T = RC = 
pdcD, for ihe charging of the DL, depend- 
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charged where the local T does not substan- 
tially exceed the pulse duration. Hence, 
with short enough pulses, the polarization 
of the DL will reach appreciable values 
only near the very tip of the tool electrode, 
where both electrodes are in close proxim- 
ity and the electrolyte resistance (R) along 
the current path is low (R,,,,,). In contrast, 
the regions further out (R,,,) become only 
weakly polarized. Therefore, the electro- 
chemical processes, whose rate is exponen- 
tially dependent on the potential drop in the 
DL, will be sharply confined to electrode 
regions in close proximity to the tool. With 
typical values of p = 30 ohm - cm (0.1 M 
HClO,) and cDL .J 10 pF/cmZ for metal 
electrodes (19, 20) and pulse durations of 
T = 30 ns, this maximum distance d, where 
significant charging of the DL is achieved, 
calculates to d = 1 pm. Pulses of 30 ns 
duration should therefore achieve a ma- 
chining resolution of about 1 pm. 

Experimental verification of this con- 
cevt was achieved when a Cu substrate was 
immersed in an electrochemical cell mount- 
ed on a piezo-driven x-y-z stage (Fig. 1B). 
For monitoring the absolute position of the 
workpiece with respect to the tool elec- 
trode, the piezo stage was equipped with 
strain gauges. The tool was a cylindrical Pt 
wire (10 pm or 50 pm in diameter), whose 
front face was flattened by mechanical pol- 

ezo 

Fig. 1. (A) Scheme of an 'electrochemical cell. 
Upon application of a voltage pulse, the DL 
capacity c,, is charged via the electrolyte re- 
sistance. Because the electrolyte resistance 
along the current path depends on the elec- 
trode separation (R,,,,, and R,,,,), the time 
constants for charging the DL become spatially 
varying. (B) Experimental setup for electro- 
chemical micromachining with ultrashort volt- 
age pulses. 
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ishing after the wire was embedded in re- 
dissolvable resin. Both electrode potentials 
were controlled with a low-frequency bipo- 
tentiostat (time constant -1 ms) versus a 
pseudo reference electrode (RE) made of a 
Pt wire. The electrolyte was an aqueous 
mixture of HCIO, and CuSO,. The sample 
potential was kept at the well-defined equi- 
librium potential of CulCu2+. This ensured 
that the workpiece corroded only negligibly 
during the experiment. The average poten- 
tial of the tool electrode was adjusted to 
200 mV versus CulCu2+. For local etching, 
a sequence of 50-ns, -1.6-V pulses with 
a pulse-to-pause ratio of 1/10 was applied 
to the tool electrode. The bipotentiostat was 
unaffected by the short pulses and there- 
fore only controlled the average work- 
piece and tool potentials. Furthermore, dur- 
ing the short pulse, the charging current 
flowed essentially between tool and work- 
piece because of the very small distance 
between tool and workpiece (micrometers) 
compared with the large distance between 
the counter electrode and the tool or work- 
piece (millimeters). 

The distance between the tool and the 
workpiece was monitored by recording the 
current transient flowing through the cell. 
At large distances ( 2 2 0  pm), the current 
followed the voltage pulse (Fig. 2), indicat- 
ing no significant charging of the elec- 
trodes' DL. Only at distances 5 1  p m  be- 
tween the flattened face of the wire and the 
Cu surface peaking of the current signaled 
local charging of the DL capacity. There- 
fore, the height of the current peak directly 
monitors the tool-workpiece separation, 
which can be used in a feedback loop for 
automated adjustment of the gap width be- 
tween the electrodes. The pause between 
two pulses was long enough to ensure com- 
plete discharge of the DL. Furthermore, 
adjusting the workpiece potential to the 
CulCu2+ equilibrium potential avoids the re- 
deposition of dissolved Cu. During the pulse, 
the dissolution rate far exceeds the redeposi- 
tion rate during the pause of the pulse, which 

time in ns 

Fig. 2. Single voltage pulse (U) applied to the 
electrodes and resulting current transients (I) 
for different electrode separations (1, €1 pm; 
2, 1 pm; 3,20 pm). At small distances below 1 
pm, the peaking of the current indicates local 
charging of the DL in proximity to the face of 
the tool electrode. 

is essentially determined by the exchange 
current density of the CulCu2+ redox system 
(20). This strong asymmetry leads to a net 
dissolution of Cu. 

A scanning electron micrograph of a 
structure machined into a mechanically 
polished, electrochemically deposited Cu 
layer of an electronic circuit board in a 
solution of 0.01 M HCIO, and 0.1 M 
CuSO, is shown (Fig. 3A), in which a Pt 
cylinder (a polished Pt wire 10 p m  in di- 
ameter) was used as a tool. To obtain the 
delicate Cu prism in the middle of the hole 
(cross section, 5 p m  by 10 pm; height, 12 
pm), sitting on a pedestal 15 pm by 15 pm 
by 10 pm, the tool was first etched verti- 
cally, 12 p m  deep, into the workpiece. This 
took about 200 s. After "drilling" this ver- 

Fig. 3. (A) Cu structure (small prism, 5 pm by 10 
prn by 12 pm) machined into the Cu sheet of an 
electronic circuit board upon application of a 
2-MHz sequence of 50-ns, -1.6-V pulses to the 
tool electrode (a cylindrical Pt wire 10 pm in 
diameter) in 0.01 M HCIO, and 0.1 M CuSO, The 
tool was first etched vertically into the surface 
and was then moved along a rectangular path 
like a miniature milling cutter. (B) Cu tongue 
with a thickness of 2.5 pm, etched as in (A). 

tical. hole, the tool was moved laterally 
along a rectangular path in the Cu sheet like 
a miniature milling cutter. Then the outer 
rectangular trough was etched with a total 
depth of 22 pm. The width of the trough 
amounted to 14 pm. The complete machin- 
ing time for the. structure was 30 min. 
While feeding the tool, the minimum dis- 
tance between tool and workpiece was ad- 
justed to about 0.5 p m  by in situ monitor- 
ing of the charging peak of the current 
transient. The well-defined shape of the 
internal structure and the vertical walls 
clearly demonstrate the high aspect ratio 
and precision of the structures achievable 
with our technique. The radius of curvature 
at the edges of the hole is less than 0.5 pm. 
Figure 3B shows a high-magnification im- 
age of a very thin Cu tongue (2.5 p m  by 10 
p m  by 15pm) realized in a similar manner. 
The parallelism of the side walls is on the 
submicrometer scale. The fragility of the 
structure demonstrates the gentle removal 
of the material without mechanical stress 
and deformation. 

To obtain a more quantitative under- 
standing of the machining performance, the 
spatial variations of the voltage drop across 
the workpiece DL were simulated for a 
cylindrical tool electrode in front of a pla- 
nar workpiece surface (inset, Fig. 4A). For 
simplicity, the calculation was performed 

xdistance from the edge of the tool 

pulse duration in ns 

Fig. 4. (A) Solid line: Calculated polarization of 
the DL on the workpiece at the end of a 50-ns, 
- 1.6-V pulse applied to a cylindrical tool elec- 
trode versus the distance from the edge of the 
tool. Dashed line: Corresponding Cu dissolution 
rate. (The zero of the x axis is located at the 
edge of the tool, as sketched in the inset.) (B) 
Experimentally determined spatial resolution 
for various pulse durations and for two differ- 
ent electrolyte concentrations (open circles, 
0.09 M HClO, and 0.01 M CuSO,; solid circles, 
0.01 M HCIO, and 0.01 M CuSO,). The resolu- 
tion is linearly dependent on both the pulse 
duration and the electrolyte concentration. 
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for a 2D system, neglecting the curvature of 
the tool electrode. We calculated the tran- 
sients of the polarization of the workpiece 
DL, depending on the distance from the 
edge of the tool. The resulting polarization 
of the DL of the workpiece at the end of a 
50-ns, - 1.6-V pulse to the tool electrode is 
displayed in Fig. 4A (DL capacity, 10 pF/ 
cm2; specific electrolyte resistivity, 70 ohm 
- cm (19)). The gap between the face of the 
tool and the workpiece surface was set to 
0.4 pm. Although the DL directly facing 
the tool is polarized to almost half of 
the applied voltage, the polarization steep- 
ly drops within the first 2 pm outside of 
the tool edge. As the resting potential of 
the surface is potentiostatically adjusted to 
the CulCu2+ equilibrium potential, the po- 
larization directly corresponds to the over- 
~otential n for Cu dissolution. The corre- 
iponding itime- and distance-dependent) 
etching rate was calculated from the polar- 
ization transients, assuming simple Tafel 
behavior for the dissolution current idis, 
[idis, = i ,  exp(aq1kT) with a transfer coef- 
ficient of a = 0.5 and an exchange current 
d e n s i ~  i ,  = 1 mA/cm2 (20)l. Integration 
over the pulse length of 50 ns and normal- 
ization to the pulselpause ratio of 1/10 
yields the total etching rate (dashed line in 
Fig. 4A). Because of its exponential depen- 
dence on the overpotential, the etching rate 
exhibits an even steeper decrease than the 
polarization with increasing distance from 

the tool edge. To drill a hole of about 10 
pm depth within 200 s, the Cu dissolution 
rate has to be about 200 monolayers (MLs) 
per second. This corresponds to the exper- 
imentally determined rate in the experiment 
of Fig. 3A, with the experimental parame- 
ters comparable to those used in the simu- 
lation. The calculated rate in Fig. 4A falls 
far below that value already at distances 
beyond 2 pm from the tool edge. At 4 pm 
distance, the etching rate dropped to -2 
MLsIs, yielding a dissolution of only 90 nm 
of Cu within 200 s. Therefore, the surface 
remains negligibly etched a few microme- 
ters apart from the tool electrode, whereas 
opposite to its face the surface is strongly 
etched. This is consistent with the experi- 
mentally found width of the trough of 14 
pm (Fig. 3A), machined with a 10-pm tool, 
resulting in an effective distance between 
the tool and the wall of the trough of 2 pm. 
The achievable machining precision is 
much better than the width of that gap and 
is mainly determined by the steep decrease 
of the etching rate (Fig. 4A). In the above 
calculation, diffusion-limited mass trans- 
port of Cu ions was neglected. Outside of 
the small gap between tool and workpiece, 
this assumption is certainly valid because 
of the overall low Cu dissolution rate and 
the unrestricted access to the bulk of the 
electrolyte. However, in the small gap in 
front of the tool face, limited diffusion 
lowers the effective etching rate to a value 
significantly lower than that expected from 
the high local overpotential with simple 
Tafel behavior. 

The resolution found in both simulation 
and experiment fits well with the rough 
approximation employing the time constant 
T of the DL charging. (With the experimen- 
tal parameters employed, the resolution d 
approximates to d - ~/c,,p - 1.4 pm.) 
From the linear correlation between time 
constant T, specific electrolyte resistance p, 
and spatial resolution d, it can be conjec- 
tured that lowering the electrolvte concen- - 
tration or shortening the pulse duration 
should linearly increase the machining pre- 
cision. To quantitatively check the depen- 
dence of the spatial resolution on the ex- 
perimental parameters, we performed etch- 

i ing experiments on a Cu film 0.5 pm thick. 
1 The film was deposited onto a Au substrate 

in the electrochemical cell before the ma- 
I chining by short voltage pulses. For this 

experiment, a cylindrical, flattened, Pt wire 
1 

50 pm in diameter was used as a tool. It 
I was held at submicrometer distance in front 

of the Cu film. It took about 10 s to etch 
Fig. 5. (A) Hole etched into P-S~ with a c~lin- through the Cu film. Afterward, the hole 
drical 50-pm Pt tool in 1% HF (with 200-ns, diameter continuously increased, until a*er -0.5-V pulses to the tool). (B) Cu dots depos- 
ited on a Au substrate with an elliptical pt tool about 100 s the lateral etching effectively 
50 pm in diameter in 0.01 M ~ ~ 1 0 ,  and 0.1 M ceased. This is due to the steeply decreas- 
CuSO, (with 400-ns, 2-V pulses). ing etching rate with increasing distance 

from the edge of the tool, as pointed out in 
Fig. 4A. This experiment was repeated with 
varying pulse durations and electrolyte 
concentrations. In Fig. 4B, the experimen- 
tal spatial resolution [(final hole diameter - 
tool diameter)/2], resulting after an etching 
time of 10 min, is plotted for different pulse 
durations and two different electrolyte con- 
centrations with specific electrolyte resis- 
tances of 30 ohm . cm (0.09 M HCIO, and 
0.01 M CuSO,) and 150 ohm cm (0.01 M 
HCIO, and 0.01 M CuSO,) (19). In agree- 
ment with the prediction, for both concen- 
trations the spatial resolution scales linear- 
ly with the pulse duration, as indicated by 
the guides to the eye. The slopes of the 
lines differ by a factor of -5, which cor- 
responds to the ratio of the conductivities 
of the two electrolytes. Thus, the machin- 
ing precision can be significantly enhanced 
over that demonstrated in Fig. 3 simply by 
reducing the pulse duration or the electro- 
lyte concentration. The only constraint is 
the presence of a sufficient amount of elec- 
trolyte ions in the small gap between the 
electrodes in order to enable the buildup of 
the polarization of the DL. Upon polariza- 
tion of the DL of a typical metal surface 
(DL capacity - 10 pF/cm2) by 1 V, about 
0.1 MLs of ions are consumed. According 
to the above approximation, application of 
100-ps pulses in a 0.3 M electrolyte should 
theoretically lead to a spatial resolution in the 
10-nrn range. 

Electrochemical machining with ultra- 
short voltage pulses can in principle be 
applied to all electrochemically active ma- 
terials, including semiconductors. This is 
demonstrated withp-Si in 1% hydrofluoric 
acid (HF) (Fig. 5A). A flattened 50-pm Pt 
wire was vertically etched into the sur- 
face upon application of 200-ns, -0.5-V 
pulses. However, because of the complex- 
ity of the possible electrochemical reac- 
tions, appropriate parameters of pulse 
height and electrochemical potential of the 
surface had to be selected. Pulses that are 
too high may lead to passivation of the 
surface by the formation of Si oxides. Ad- 
ditionally, both type and concentration of 
the dopant are of crucial influence on elec- 
trochemistry, conductivity of the Si, and 
capacity of the DL (21). For proper ma- 
chining, all of these parameters have to be 
taken into account. 

The reversal of electrochemical reac- 
tions offers additional possibilities for mi- 
crostructuring. Not only local dissolution 
but also local deposition of material can be 
achieved (Fig. 5B). A series of Cu dots was 
locally deposited from a 0.01 M HCIO, and 
0.1 M CuSO, electrolyte onto a Au film by 
the application of positive pulses (400 ns, 2 
V) to the tool. The overall potential of the 
Au surface was kept at the equilibrium 
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potential of the CulCu2+ redox system, thus 
preventing the large-scale deposition of Cu 
as well as the dissolution of the deposited 
Cu dots. An elliptical Pt wire about 50 p m  
in diameter was used as a tool, which 
is reflected in the elliptical shape of the 
dots. For the formation of Cu crystallites 
on the Au surface, a nucleation barrier 
has to be surmounted (22), requiring a crit- 
ical Cu adatom concentration on the Au 
surface during the pulse. This kinetic con- 
straint assists the strongly localized Cu 
deposition. 

The versatility of electrochemical reac- 
tions, combined with spatial resolution 
down to the nanometer range, may provide 
new abilities for modern micromachining 
technologies. Electrochemical microstruc- 
turing is not restricted to sequential fabri- 
cation. Complicated structures could be 
molded directly onto a surface using an 

appropriately shaped tool. The theoretically 
achievable spatial resolution compares fa- 
vorably with that of state-of-the-art litho- 
graphical techniques, with the additional 
advantage of fully 3D capabilities. 

References and Notes 
1. P. Rai-Coudhury. Ed.. Handbook of Microlithography, 

Micromachining, & Microfabrication (SPIE Optical En- 
gineering Press. Bellingham. WA. 1997). 

2. I. Amato. Science 282, 402 (1998). 
3. M. A. Burns et al.. Science 282. 484 (1998). 
4. j. 	T. Santini, M, j. Cima, R. Langer, Nature 397, 335 

(1 999). 
5. H. jerman and S. Terry, in ( I ) ,  vol. 2, pp. 379-434. 
6. M. U. Kopp. A,]. d. Mello. A. Manz. Science 280. 1046 

(1 998). 
7. K. jensen. Nature 393. 735 (1998). 
8. C. R. Friedrich et al., in (I),vol. 2, pp. 299-378. 
9. R. M. Nyffenegger and R. M. Penner, Chem. Rev. 	97, 

1195 (1997). 
10. A,]. Bard, C. Denuault, C. Lee, D. Mandler, D. 0.Wipf, 

Acc. Chem. Res. 23, 357 (1990). 
11. W. Li, j. A.Virtanen, R. M. Penner,Appl. Phys. Lett. 60, 

1181 (1992). 

Taming Superacids: Stabilization 
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A new superacid, H(CBllH,X,) (where X = chlorine or bromine), whose con- 
jugate base is the exceptionally inert CBllH,X,- carborane anion, separates 
Br~rnstedacidity from oxidizing capacity and anion nucleophilicity in  a manner 
not previously achieved. Reaction of this superacid with C,, gives HC,,+ as a 
stable ion in  solution and in the solid state. In a separate experiment, an oxidant 
was developed such that the long-sought C,," ion can be synthesized in  
solution. The preparation of these two  fullerene carbocations is a notable 
departure from the prevalent chemistry of C,,, which is dominated by the 
formation of anions or the addition of nucleophiles. The H(CBllH,X,) superacid 
overcomes the major limitations of presently known superacids and has po- 
tentially wide application. 

Superacids (those stronger than 100% sulfu- 
ric acid) have been of great value to chemis- 
try. In organic chemistry, superacidity has 
been used to stabilize carbocations such as 
R3C+ and HCOt and to study acid-catalyzed 
processes (1, 2). In inorganic chemistry, the 
oxidizing capacity of superacids has been 
widely exploited to stabilize unusual reactive 
cations such as SR2+, Ir(CO),3+, and Xe2+ 
(3-6). Nevertheless, currently known super- 
acids have limitations. For example, the an- 
ions of superacids (SbF,-, HS0,-, CF3S03-, 
and so forth) are too nucleophilic to allow the 
free silylium ion (R,Si+) to exist (7), and 
attempts to protonate andlor oxidize C,, with 
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superacids have led to its decomposition (8) .  
Indeed, it is the combination of anion nucleo- 
philicity and oxidizing capacity together with 
acidity that makes superacids corrosive and 
destructive, and limits many academic and 
industrial applications. Even the ostensibly 
nonoxidizing superacid triflic acid (CF3S03H) 
decomposes C,, (9). 

If a superacid could be developed which 
was oxidant-free and whose conjugate base 
was significantly less nucleophilic than pres- 
ently available anions, many desirable proto- 
nation reactions might be carried out without 
decomposition. Here, we report the prepara- 
tion of a superacid, H(CB,,H,X,) (X = C1, 
Br), that meets these requirements and il- 
lustrate its use in stabilizing the previously 
unobserved HC6,+ ion. We also show that 
the oxidizing capacity of superacids can be 
separately harnessed to the conjugate base 
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(CB, ,H,X,-) to prepare an oxidant capable 
of producing the C,,'+ .. cation. C,,, has been 
referred to as the "electrophile-par excel-
lence" (10) because its dominant chemistry 
is the addition of nucleophiles or electrons 
(for example, C,,"- for n = 1 to 6). Thus, 
the addition of an electrophile or the removal 
of an electron to form HC,,+ and C,,", 
respectively, presents a particular challenge 
for synthetic chemistry and an excellent test 
for the concept of strict separation of oxida- 
tion from acidity and nucleophilicity. 

Superacidity can be generated from a non- 
superacidic Bransted acid by addition of a 
strong Lewis acid. A typical example is the 
addition of SbF, to HF to generate the com- 
mon superacid HSbF,, properly formulated 
as [H(HF)x+][nSbF5.SbF6-] (4). Here, we 
exploit the potent Lewis acidity of the sil- 
ylium ion (R3Si+) to generate superacid- 
ity from HC1. Latent silylium ions are 
found in the silylium ion-like species R,Si- 
(CB, ,H,X,) (7) where CB, ,H ,X,  is the 
exceptionally inert and weakly nucleophilic 
anion shown in Fig. 1 (11). Condensing 
liquid HC1 onto solid (C,H,),Si(CB, ,H,X,) 
at low temperature followed by removal of 
the volatiles under vacuum at room temper- 
ature yields the desired acid H(CB, ,H,X,) in 
essentially quantitative yield (Eq. 1). 

The absence of a AgCl precipitate when the 
product is dissolved in aqueous AgNO, 
shows that the possible alternative formula- 
tion of a HC1-solvated proton in [H(HCl)x+]- 
[CB,..,H,X,-]. can be discounted. For X = Br, 
the acid-can be successfully sublimed under 
vacuum ( lop7  kPa) at 185OC to give a rea- 
sonable yield (45%) of white crystalline solid 
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